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Introduction
Krabbe disease (KD), also called globoid cell leukodystrophy, is a rare (incidence: one in 100,000 births) genetic (autosomal recessive) sphingolipidosis caused by the inactivation of the galactocerebrosidase (GALC) enzyme [1] . GALC is a lysosomal enzyme implicated in the catabolism of galactolipids, including galactosyl-ceramide and psychosine (PSY, galactosylsphingosine). Its inactivation causes a cytotoxic increase in the cellular levels of PSY that is thought [2] to be at the origin of the tissue-level effects, even though the precise molecular mechanisms behind its cytotoxicity are still currently under discussion [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The increase of the PSY concentration in the central nervous system and in the peripheral nervous system leads to Schwann cell and oligodendrocyte death, causing progressive demyelination, associated with reactive astrocytosis, microgliosis [14] and neurodegeneration [15] . The onset is often early infantile [1] and, even though several promising treatments at the pre-clinical stage were proposed in the recent years [16] [17] [18] , a cure for the human disease is still lacking and therefore KD is often fatal in the first years of life [19] .
Twitcher (TWI) mouse is a genetic model of the human KD. It is an enzymatically authentic model of KD, since it is derived from a recessive spontaneous nonsense mutation of the GALC gene, and it closely resembles the histological, biochemical and morphological characteristics of human KD [20] .
Microscopy techniques such as transmission electron microscopy [6, 20] , immunofluorescence [6, 12, 13, [16] [17] [18] and confocal microscopy [6, 13, [16] [17] [18] have been used extensively to study the TWI mouse and they have provided important insights in the understating of the pathogenetic process and in the ideation of possible treatments. Recently a new optical imaging technique has emerged that promises to be an ideal tool for the study of myelin and its pathological states, namely Coherent Anti Stokes Raman Scattering (CARS) microscopy, thanks to the fact that its contrast generation mechanism is based on the presence of selected molecular bonds. Myelin displays an extremely high concentration of CH2 bonds, comparable in the animal body only to adipose tissue or to some excretory glands.
The CARS process is an optical parametric process in which a couple of photons ("pump" and "Stokes") coherently excite a molecular vibration mode. A third photon ("probe") is used to probe the excited state. The system then relaxes to the ground state by emitting a fourth photon [21] . If the frequency difference of the incoming photons matches the frequency of the vibration mode, then the latter is resonantly excited and the generated signal intensity increases dramatically. CARS microscopy is a powerful and innovative technique that exploits the CARS process to image the sample at high spatial resolution without the use of chemical or biological probes, i.e. it is a completely label-free approach, based only on chemical contrast [22, 23] . In this respect, it is similar to Raman micro-imaging but with orders-of-magnitude-larger signal levels, therefore affording faster acquisition times even in highly scattering (e.g. biological) samples [24] .
Based on CARS imaging, a new polarization-resolved imaging technique named Rotating Polarization (RP) CARS [25, 26] was recently developed. This technique exploits the CARS polarization-dependent rules [27] in order to probe the degree of anisotropy of the chemical-bond spatial orientations inside the excitation point-spread function (PSF) and their average orientation using a freely-rotating pump-and-probe-beam-polarization plane. In this technique the polarization-dependence of the CARS signal for each pixel is measured and analyzed in real time. It was already shown that the degree of anisotropy of the CH2 bonds in myelin sheaths (quantified with a pixelbased numerical indicator) presents a significant correlation with their health status in a chemical model of demyelination [28] . In this article we shall report the use of this technique to visualize molecular spatial order anomalies in the genetic animal model of a leukodystrophy: the TWI mouse.
Materials and Methods

Description of the RP-CARS microscope
The RP-CARS microscope employed is fully described in [29] . For the sake of clarity, we summarize here its main components, as shown in Figure 1 : an 810-nm pump-and-probe beam is generated by a mode-locked Ti:Sa laser ("fs Laser"; Chameleon Vision 2; Coherent Inc., Santa Clara, California, U.S.A.). After passing through a Faraday optical isolator ("Is"), 80% of it is used to pump an Optical Parametric Oscillator ("OPO"; Oria IR; Radiantis, Barcelona, Spain). The remaining 20%, after being further attenuated, plays the role of the CARS pump-and-probe beam.
The Signal beam generated by the OPO at 1060 nm is used as Stokes beam (in order to excite the CH2 vibration mode at 2850 cm -1 ), while the Idler beam is dumped. The pump-and-probe and the Stokes beams are individually chirped by SF6 optical-glass blocks ("G" and "G'") and expanded by telescopic beam expanders ("BE" and "BE'"). The lengths of the SF6 blocks are precisely chosen in order to achieve spectral focusing [30] on the sample plane (20000 fs 2 of group-delay dispersion for both beams). The Stokes beam is made circularly polarized by means of a λ/4 retarder ("λ/4") while the polarization plane of the linearly-polarized pump-and-probe beam is continuously rotated by a brushless-motor-driven λ/2 rotating retarder ("R-λ/2"). An additional λ/4 retarder in the pump-andprobe path is used to compensate for the distortions induced by the optic elements (mostly by the dichroic mirrors) as well as a λ/2 retarder ("λ/2") in the Stokes path [27] . The two beams are synchronized by means of a delay line ("DL") present along the Stokes path and spatially recombined using a 900-nm long-pass dichroic mirror ("DM"). The beams are finally routed to a high-numerical-aperture (NA) objective ("Obj"; C-Achroplan W; 32X, NA=0.85, Carl Zeiss
MicroImaging GmbH, Göttingen, Germany) of an inverted microscope (Axio Observer Z1; Carl Zeiss MicroImaging GmbH, Göttingen, Germany) through a pair of galvo-scanning mirrors ("XY";
GVS002; Thorlabs , Newton, New Jersey, U.S.A.), a scan lens, a compensation lens [29] and the tube lens of the microscope. The CARS signal generated from the sample ("S") is collected both in the trans direction, using a condenser lens ("Cond", NA=0.55), and in the epi direction, by means of a dichroic mirror ("DM'"), and then detected with red-sensitive photomultiplier tubes ("PMT";
R3896; Hamamatsu, Hamamatsu City, Japan) after being spectrally filtered in order to remove the pump photons and to select the Raman band of the CH2 bonds (2850 cm -1 , "BP", band-pass filter centred at 650 nm and with a full width at half maximum of 50 nm). 
Twitcher mice and sample preparation
Signal acquisition and alpha-value algorithm
The RP-CARS acquisition process is described in detail in [26] . Briefly, one galvanometric mirror scans repeatedly for a given number of repetitions (50 to 300 typically) an image line while the λ/2 retarder on the pump beam path rotates at ~10 Hz for the data presented here. When a line is completed, the system starts acquiring the following one while a custom-made software (developed (1)
This software also computes the average alpha (A) value for each z-stack acquisition in the following way: first the optical slice along the z-axis with the highest average Adc value is identified. Then the isodata algorithm [33] is applied to this slice in order to find the Adc threshold value. After that, all the pixels in the z-stack with Adc value higher than the threshold are selected and the average of their α values is taken as the A value of the z-stack. We used the highest threshold value that satisfies the Ridler-Calvard equation but, as a control, we also checked that different choices, for example using the lowest valid threshold value, do not lead to significant differences in the statistical analysis. We just observed a rather homogenous shift in the A values when different thresholding methods are chosen.
Statistical analysis
All the statistical computations were performed with R software (R Foundation, Vienna, Austria).
We considered the TWI mice P20 or younger as (motor) presymptomatic phenotype, in accordance with the literature [20] . We averaged the A values derived from the z-stacks acquired from the same nerve and assigned them a weight equal to the inverse of their standard error. We used the averaged A values (and their weight) as the dependant variable in a General Linear Model and we used the genotype (Galc twi/twi or Galc +/+ ) and the interaction between the genotype, the phenotype (symptomatic or presymptomatic) and the age (relative to the onset) as independent variable. Finally, we used Student t-test to compare the averaged A values between presymptomatic and symptomatic TWI mice.
TEM imaging
Late-pathological state TWI mice (P30 ± 2) under deep anaesthesia were sacrificed through 
3.
Results
Qualitative analysis
TWI-mouse phenotype is characterized by rapid myelin degeneration after the onset of the disease (P20). This is clearly seen in the Higher resolution and magnification sciatic-nerve images are depicted in Figure 3 . These images are representative of the WT, the presymptomatic TWI and the symptomatic TWI conditions. The hue in these images is constructed by colour-mapping the pixel-based α value, computed as described in the "Materials and methods" section. This value is a label-free optical indicator of the degree of molecular order of the CH2 bonds inside the light excitation volume [25] and it is highly correlated to the myelin health status [28] . As displayed in this Figure, there is little difference between the WT and the TWI presymptomatic conditions (green colour), while it can be clearly seen that most of the myelinated fibres present ample portions of damaged myelin walls (yellow colour and tortuous appearance) in the TWI symptomatic condition. Unexpectedly, it is possible to occasionally observe long sections of myelin walls with almost normal morphological appearance in the symptomatic TWI condition images (indicated with white arrows in Figure 3C -D), even in the late period after onset (P25). It is worth noting that, despite their almost normal morphology, those fibres are associated with α values ranging from the values normally associated with WT and TWI presymptomatic fields (α ≈ 15, Figure 3C ) to values similar to those of the other fibres in the respective field ( Figure 3D ). The white arrows indicate sections of morphologically-normal myelin walls. The images were constructed in the HSV (Hue, Saturation, Value) colour space by mapping the value of α onto the hue (from red, α = 0, to green, α = 20, as displayed in the colour bar on the right), the A2ω signal onto the saturation and the Adc signal onto the value. For each z-stack we computed the A value by averaging the α values of the pixels associated to myelin, as described in the "Materials and methods" section; we constructed this value to be a global label-free optical indicator of the myelin health imaged in the stack. We then averaged the A values to obtain a single value for each animal and the results are shown in Figure 4 . We found that before the onset age the A values of the TWI mice are constant, while after the onset they decrease in a linear manner (p = 0.0005, General Linear Model). In comparison, the A values of the WT mice remain constant over all the age range (model p-value = 0.0012, adjusted R 2 value = 0.7264).
Quantitative analysis
In addition, we found the average A value of presymptomatic TWI mice being slightly higher (Δα ≈ 3) than that of the WT mice (p=0.03, Student t-test). This last result should be taken with caution, due to the small number of presymptomatic TWI mice, but it is important since it could suggest important implications about the structure of myelin in TWI mice before the onset of motor symptoms, as we explain in the "Discussion" session. The ultrastructural characterization of (P30 ± 2) TWI sciatic nerves, in agreement with CARS data, showed disorganization of the myelin sheaths architecture. As shown in Fig. 5 , it is possible to observe within the sheath several points of discontinuity between subsequent windings (or wraps).
TEM imaging
This effect is more evident in the periphery of the sheath, both in the inner and in the outer side.
The final result of this alteration is highlighted by an increase of the myelin sheath thickness in comparison with control samples belonging to WT littermates.
Discussion
In this article we have shown that an optical technique (RP-CARS) is able to extract in real time information about structural arrangements in a fresh biological tissue (myelin) that are much below the physical limit for optical resolving power. Moreover, the combination of the RP-CARS observation and of the TEM observation gives useful insights on the degeneration of myelin during the after-onset period: our data suggest that the myelin degeneration involves, at least in the initial state, the contemporaneous appearance of numerous nanometric-sized (sub-optical resolution) structural alterations in the same myelin wall segment. We would like to underline that the label-free nature of the CARS imaging makes it possible to visualize the sample without the manipulations associated with fluorescent-labelling processes commonly needed for the fluorescence imaging, or with the tissue fixation and staining procedures required by TEM imaging, strongly minimizing the possibility of unwanted artefacts in the myelin microstructure.
A quite unexpected result was the sporadic observation (even in the late period after the onset) of normally appearing myelin walls associated with variable α values. Normally appearing myelin walls in TWI mice of similar ages were already observed [34] by means of TEM imaging and interpreted as remyelinated fibres. In the pursuit for a cure, it would be of great clinical interest the comprehension of the mechanisms behind the survival or the remyelination of those rare myelin walls while the nervous fibres around them are already completely demyelinised.
In addition, we can state that the myelin structure is probably altered at the nanoscopic level even before the clinical onset of the symptoms, when its microscopic morphological appearance seems otherwise normal. A possible explanation for this observation is the reduced expression of proteins, such as Myelin Basic Protein (MBP, the second most abundant protein in the myelin) in the juvenile period of TWI mice, as described in [35] . One of MBP roles is the adhesion of the cytosolic surfaces of compact myelin [36] , therefore its reduction would be expected to lead to a general reduction of the intrinsic molecular order, howeverto the best of our knowledgethere are no reported observations of decreased myelin interlamellar adhesion both in central [37] and in peripheral [34] nervous system of TWI mice of similar ages. On the other hand, the CH2 bonds of the proteins are usually much less ordered with respect to those of the lipid-moiety of the myelin and this could be particularly true for intrinsically disordered proteins such as MPB [36] , lacking an ordered threedimensional structure. It could be hypothesized therefore that the reduction in the number of disordered protein-related CH2 bonds leads to the observed global increase in the order of the myelin CH2 bonds and this effect would overcompensates for the eventual presence of microstructural effects of the MBP deficit.
Finally, we would emphasize that RP-CARS has proven to be able to reliably produce an optical and label-free readout of the myelin health in an animal model of a leukodystrophy. Although KD is usually diagnosticated in a non-invasive manner, nerve biopsies are still required for the diagnosis of several other neuropathies, also involving myelin damage (e.g. chronic inflammatory demyelinating polyradiculoneuropathy [38] , polyarteritis nodosa [39] or particular cases of Charcot-Marie-Tooth disease [40] ). However, the surgical removal of a nerve sample causes a sensory deficit and may lead to chronic pain [41] . This limitation could be overcome by a technique able to assess the myelin health in-vivo without damaging the nerve (even though it would require an optical access). For this reason we speculate that the promising result presented here could open up in the future new possibilities for the development of less-invasive methods aimed at human neuropathies diagnosis.
Conclusions
We have exploited an innovative optical technique, RP-CARS, in order to demonstrate a post-onset progressive decrease in the spatial orientation order of the CH2 bonds inside the myelin walls of TWI mice sciatic nerve fibres. This is the first time that this promising microscopy technique is applied to a genetic pathological model and our observations are an additional proof of the experimental validity of this microscopy technique. Finally, we believe that the obtained result might be of a great interest for a deeper understanding of the pathogenic mechanisms underlying the human Krabbe disease.
